Subtractive library construction and differential screening were used to identify a cDNA for a cell type-specific immediate early gene induced in rat PC12 pheochromocytoma cells.
We and others have identified "primary response," or immediate early genes (IEGs) whose transcription is elevated by mitogenic stimulation of fibroblasts in the presence of protein synthesis inhibitors (reviewed in ref. 1). Many of the mitogeninduced IEGs are also induced in neurons following experimental seizures and/or more specific modes of neuronal stimulation (2, 3) . Previous studies of both IEGs induced in PC12 pheochromocytoma cells (4) (5) (6) (7) and genes induced in brain following experimentally induced seizures (8) (9) (10) (11) have identified many IEGs that are also inducible in other cell types. We wish to identify neuron-specific IEGs. We combined subtractive hybridization, to reduce the frequency of "housekeeping genes" and genes induced in all cell types, and differential screening, to identify cDNAs that are induced in PC12 cells by a variety of stimuli. We have identified an inducible form of synaptotagmin that is the rat homologue of synaptotagmin IV (SytIV) (12) . The SytIV gene is inducible in PC12 cells by depolarization, calcium ionophore, forskolin, and ATP but is relatively unresponsive to mitogens. Kainic acid seizures induce SytIV expression in the hippocampus and piriform cortex. §
MATERIALS AND METHODS
Cell Culture and RNA Isolation. PC12 cells were cultured on collagen (Collaborative Research)-coated dishes by modifications of conditions described previously (13) . FAO hepatoma cells were cultured in a minimal essential medium with 10% fetal bovine serum. Ratl cells were cultured in Dulbecco's modified Eagle's medium with 10% fetal bovine serum. PC12 groups received cycloheximide (CHX, 10 ,ug/ml), conditioned medium, and one of the following treatments: nerve growth factor (NGF, 50 ng/ml), basic fibroblast growth factor (bFGF, 10 ng/ml), epidermal growth factor (EGF, 10 ng/ml), phorbol 12-myristate 13 -acetate (PMA, 50 ng/ml), KCl (50 mM), forskolin (50 ,uM), or a mixture of these inducers. RNA was prepared (13) Poly(A)+ RNA was also prepared from PMA/CHX-treated FAO hepatoma cells and PMA/EGF/CHX-treated Ratl fibroblasts. cDNA libraries were prepared in A Uni-ZAP (XR) II for each RNA, plasmid cDNA libraries were created, and cRNA was synthesized from each plasmid library. Singlestranded cDNA was prepared from the PC12-induced cRNA. The FAO-induced and Rati-induced cRNAs were biotinylated and used to twice subtract the PC12 single-stranded cDNA. The PC12 cDNA remaining after subtraction was subjected to PCR amplification with A ZAP primers designed to amplify inserts with poly(A) tails. After digestion with EcoRI and Xho I, a PC12 cell type-restricted phase library was prepared. Triplicate filter lifts were screened with 32P-labeled cDNAs prepared from poly(A)+ RNAs from PC12 cells treated with inducers, untreated PC12 cells, and PMA-treated FAO cells. Clones expressed in stimulated PC12 cells, but not in stimulated FAO cells, were plaque purified. Their inserts were amplified and used for Northern analysis of RNA from PC12 cells and other rat cell lines. One clone that hybridized to PC12 RNA and did not give a significant signal with other cells was used to identify a near-full-length clone from the original PC12 cDNA library. Sequencing identified the encoded protein as the rat homologue of SytIV (ref. 12 and Fig. 1) . Although our initial screen of the library identified only the SytIV gene, a subsequent rescreen of the library also identified a cDNA for secretogranin as a depolarization/forskolin inducible gene whose message levels are not altered by growth factors (data not shown). Secretogranin was previously identified as a depolarization-inducible gene by screening of a cDNA library prepared from the brains of animals subjected to depolarization (11 MAPITTSRVEFDEIPYV_GIFaAIGLV SLFAWxCCQRRSAKSNKTPP in PC12 cells 2-8 hr after forskolin, ATP, or A23187 addition. For ATP and forskolin, message levels returned to baseline by 24 hr (Fig. 2B) . Potassium depolarization also caused a peak in SytIV exposure, at 3-5 hr (data not shown). For both A23187 and KCl induction, PC12 cells came off the plate after 8-10 hr. SytIV was also induced by forskolin and KCl in PC12 cells that were differentiated by exposure to NGF for 7-10 days (data not shown).
PC12 cells express SytI and -III but not SytIl (18) . It was of interest to determine whether SytI message is inducible. Filters containing RNAs from the time-course experiments (Fig. 2B ) and experiments to determine the SytIV response to individual inducers ( Fig. 2A) were stripped and reprobed with a SytI cDNA. Neither calcium mediators nor forskolin induced SytI mRNA accumulation in PC12 cells. A slight decrease in SytI message was often observed 4-8 hr after exposure to depolarizing agents or secretagogues (Fig. 2B) . Growth factors and PMA did not modulate SytI mRNA levels ( Fig. 2A and data  not shown) .
To determine whether SytIV is an IEG, induced by activation of preexisting transcription factors, we examined SytIV mRNA accumulation in PC12 cells stimulated in the presence of CHX. Both forskolin and elevated potassium, but not NGF, induced SytIV mRNA accumulation in the presence of CHX (Fig. 2C) ; hence, SytIV is encoded by a stimulus-specific IEG. Fig. 2 A-C show three separate experiments in which depolarization or forskolin induced SytIV induction and illustrate the variability observed in induction in PC12 cells. The variability is based primarily on differences in basal levels (high in Fig. 2A , intermediate in Fig. 2B , and low in Fig. 2C ). Tissue. We isolated RNA from rat brain regions and other tissues and analyzed these RNAs with probes for SytI and SytIV. Like SytI mRNA, SytIV mRNA was found in all brain regions (Fig. 3) . The concentration gradients of SytI and SytIV mRNAs were generally rostral to caudal, with the brainstem having the lowest level of both messages. The pituitary gland, a major neuroendocrine organ, was the only other tissue to exhibit substantial amounts of SytIV mRNA. In contrast, SytI mRNA was low in the pituitary, relative to brain. No SytI or SytIV mRNA was detectable in heart, muscle, liver, intestine, kidney, lung, or thymus (data not shown). Kainic Acid-Induced Seizures Are Followed by Accumulation of SytIV Message in Rat Brain. We utilized the kainate seizure model to determine whether SytIV induction occurs in brain. Five male rats received kainate (10 mg/kg); five animals were used as controls. All kainate-treated animals exhibited seizures. Animals were sacrificed 4 hr after seizure onset and brain sections were hybridized to SytI-or SytIV-specific oligonucleotide probes (Fig. 4) . SytIV mRNA levels were substantially elevated in the whole limbic system following depolarization. The piriform cortex and the hippocampus showed strong increases in SytIV hybridization, with highest stimulation observed in the CAl pyramidal cells (Fig. 4) , as well as the dentate granule cells and hilar cells. In the piriform cortex, layer II showed the greatest increase in SytIV message. We saw no elevation in SytI mRNA following seizure, in agreement with Mahata et al. (19) . In fact, a small but statistically significant decrease in SytI mRNA occurred in the dentate gyrus, in hippocampal pyramidal cells, and in the piriform cortex following seizure.
DISCUSSION
Synaptotagmins are present in small, clear synaptic vesicles and large, dense-core vesicles (20, 21) . They contain four domains (22) : (i) an N-terminal region within the synaptic vesicle, (ii) a hydrophobic transmembrane region, (iii) a spacer region, and (iv) a C-terminal region that contains two calcium-binding C2 domains involved in the formation of a ternary complex of protein, phospholipid, and calcium (23, 24) . The two SytIV C2 regions share strong sequence conservation with other synaptotagmins (18, (22) (23) (24) (25) . In contrast, there is no sequence similarity between the spacer region of SytIV and any of the other synaptotagmins. Amino acids 14-39 of SytIV satisfy the criteria of the MOMENT program (26) for a transmembrane region but differ significantly from the transmembrane sequences of other synaptotagmins. Finally, the C-terminal 24 aa of SytIV share sequence similarities with the region of SytI responsible for binding to neurexin, a presynaptic membranespanning protein (27) .
One hypothesis for calcium-regulated synaptic activation suggests that the synaptotagmins act, through their C2 regions, as the calcium sensor to initiate vesicle fusion with the presynaptic plasma membrane. Another hypothesis suggests that the synaptotagmins serve as negative barriers to fusion of synaptic vesicles with the presynaptic membrane. In this latter model, the inhibitory role of synaptotagmin is relieved by increased calcium, following depolarization, and vesicle-plasma membrane fusion follows. Synaptotagmin C2 peptides and antibodies to synaptotagmins block synaptic vesicle fusion, suggesting the synaptotagmins do indeed play key roles in calcium-dependent exocytosis (28) . Synaptotagmin null mutations have profound effects on synaptic function in nematodes and Drosophila (29) (30) (31) (32) . The most recent models based on these mutational data suggest that synaptotagmins both promote the docked vesicle state and inhibit vesicle/membrane fusion and neurotransmitter release (30, 32) .
SytII is most prevalent in phylogenetically older regions of the brain (25) . SytIII is more abundant in the cerebellum than in the cortex (18) . The strong overlap of SytIV and SytI mRNAs in hippocampus and cortex and the presence of SytIV and SytI mRNAs in clonal PC12 cells suggest that the two genes are expressed in common neurons in brain. If SytIV is indeed a synaptic vesicle component, it is likely that changing populations of SytI and SytIV proteins are present in common populations of synaptic vesicles.
How might depolarization-dependent alterations in synaptic efficacy be brought about? If newly synthesized SytIV is incorporated into recycling synaptic vesicles following depolarization, the response to subsequent stimulation of this recycled vesicle subpopulation containing new SytIV molecules could be altered relative to the unrecycled vesicle population. A gene expression-dependent event regulated by stimulus-induced neuronal depolarization could, in this way, be directly linked to subsequent alterations in synaptic structure and thus to synaptic function. It is now necessary to demonstrate that the induction of SytIV mRNA following depolarization is accompanied by an increase in SytIV protein synthesis and that incorporation of SytIV protein into synaptic vesicles alters their biochemical properties.
